Although Illinois bundleflower is known to contribute N in forage systems (Dovel et al., 1990; Posler et al., Symbiotic N 2 fixation capacity may affect productivity of the peren-1993; Springer et al., 2001) , there is a paucity of informa- 
, may fulfill the need for a persistent, method relies on the small but measurable elevation of high-quality forage legume to complement warm-season 15 N already present in most soils relative to the atmograsses. DeHaan et al. (2003) found that in Minnesota, sphere (Chalk, 1985; Shearer and Kohl, 1986) . In this northern accessions of Illinois bundleflower produce study, we compared both isotope methods and the total much of their biomass during July and August when N difference method as estimates of N 2 fixation in monothe productivity of cool-season grasses and legumes in cultures of Illinois bundleflower. Our objective was to the region is low.
determine the in-field N 2 -fixation of three accessions Illinois bundleflower is compatible in mixtures with a of Illinois bundleflower managed as a forage crop in diversity of warm-season grasses. In east-central Texas, pure stands during the first 2 yr after seeding. established kleingrass (Panicum coloratum L.) stands interseeded with 'Sabine' Illinois bundleflower had greater MATERIALS AND METHODS forage yields than kleingrass monocultures in the second, third, and fourth years after seeding (Dovel et al., after establishment (Posler et al., 1993 
Site and Climate Characteristics 1990). Mixtures of Illinois bundleflower accession PI
The
Plant Characteristics Field Experiment
Three accessions of Illinois bundleflower from the UniverThe experiment was designed as a split plot at each of three sity of Minnesota Perennial Native Legume (PNL) collection locations with whole plots arranged in randomized complete were used. They were chosen for winter survival, maturation, blocks. There were six replicates per location. The whole-plot height, and seed yield using the results collected by DeHaan treatments were natural abundance and enriched levels of The split-plot treatments were the three Illinois bundleflower Plants of PNL534 from Lake Hattie, Stevens County, Minneaccessions and wild senna. Each plot measured 6 by 3 m. A sota (45Њ32Ј N, 96Њ05Ј W) had early to midseason maturity, 1.5-m-wide alley was maintained around each whole plot to short height, low to moderate aboveground biomass, and low reduce contamination of 15 N natural abundance plots with to moderate seed yield. Accession PNL539 from Spirit Lake, enriched 15 N. Seed of the three populations of Illinois bundleflower were 1 Names are necessary to report factually on available data. Howfrom DeHaan et al. (2003) . The seed was mechanically scariever, the USDA and the University of Minnesota neither guarantee fied with sandpaper and inoculated with 5 g kg Ϫ1 of a commernor warrant the standard of the product, and use of the name by the cial, peat-based inoculant for Desmanthus using 22 mL kg
Ϫ1
USDA and the University of Minnesota implies no approval of the product to the exclusion of others that may be suitable.
seed of a 10% (w/v) sucrose solution as an adhesive. The reference plant, t is the N 2 -fixing plant grown under field In the seeding year, 52 mL a.i. ha Ϫ1 of imazapic {Plateau, Ϯ2-conditions in which both soil and atmospheric N are available,
and a is the N 2 -fixing plant grown under conditions in which 2-yl]-5-methyl-3-pyridinecarboxylic acid, American Cyanamid only atmospheric N is available (Shearer and Kohl, 1986 [Prowl, in others (shoots) (Boddey et al., 2000) . . Dinitrowhere FS refers to the N 2 -fixing system and NFS to the nongen fixation should not have been inhibited by this low rate N 2 -fixing system (Rennie, 1984) . of N addition (2 kg N ha Ϫ1 ). The injection cannulas had pores These measures of %Ndfa are multiplied by N yield (which at depths of 7.5 cm and 15 cm. In the second year, the solution is calculated as dry matter yield per unit area ϫ N concentrawas applied to a separate 1.8-m 2 area in the enriched plots tion in the tissue) of the N 2 -fixing plant to give the amount within 28 d after new shoots were visible. In both years, central of N 2 fixed per unit area, a yield-dependent measure. Both areas in each plot were chosen for treatment to minimize methods assume that the N 2 -fixing and reference plants absorb edge effects.
N from the same pool of soil N across time and that the Plants were harvested at maximum aboveground biomass N 2 -fixing and nonfixing crops absorb N was determined for selected rhizobium from Samples were oven-dried for 48 h at 60ЊC and ground to each location ϫ accession combination. For this determinapass a 0.5-mm screen. Total N concentration was determined tion, 10 nodules sampled from each location ϫ accession comusing a LECO CN-2000 analyzer (LECO Corporation, St. bination in August 2001 were surface sterilized in 3% (w/v) Joseph, MI). The University of California-Davis Stable IsoNaOCl, rinsed repeatedly, and crushed in yeast-mannitol tope Facility determined isotopic composition of shoots.
broth (Somasegaran and Hoben, 1994) . Nodule preparations Shoots with enriched levels of 15 N were analyzed on a Europa were streaked on yeast mannitol agar plates. Plates were incuScientific Integra mass spectrometer (PDZ Europa, Cheshire, bated for 3 d at 25ЊC, then rhizobium were reisolated and UK), whereas shoots with natural abundance levels of 15 N resubcultured to ensure purity (Somasegaran and Hoben, were analyzed on a Europa Scientific Hydra 20/20 mass spec-1994). Rep-PCR (polymerase chain reaction) genomic fingertrometer. Illinois bundleflower leaf tissue was analyzed for S printing of cultures was performed using the BOXA1 primer and Mo concentration using a LECO S-144DR S analyzer 5Ј-CTACGGCAAGGCGACGCTGACG-3Ј (Veraslovic et (LECO Corporation, St. Joseph, MI) and an Applied Real., 1994; Schneider and de Bruijn, 1996) and the results subsearch Laboratories 3560 inductively coupled plasma specjected to cluster analysis using BioNumerics software (BioSystematica, Devon, UK) to produce an unweighted pair group trometer (Thermo ARL, Ecublens, Switzerland), respectively. was confirmed via normal probability plots of residuals (Oel- (Table 3) . than with the inoculant strains. Thus, we would have vs. 2.33‰ at Lamberton, averaged across accessions). had higher herbage yield than the other accessions, Numerous physical and biological processes other than whereas at Rosemount, PNL539 had higher herbage yield than PNL534. At Becker and Rosemount, herbage yield of all accessions was lower than that of wild senna, but at Lamberton, the three accessions yielded more than wild senna.
The accessions differed in aboveground N yield at Becker (P Ͻ 0.001), where PNL541 was the sole accession yielding more N than the non-N 2 -fixing wild senna (Table 4) . Therefore, no N 2 fixation was detected by the total N difference method for PNL534 and PNL539. At Rosemount and Lamberton, accessions had similar N yield (P Ͼ 0.05), that averaged across accessions was 53 kg and 80 kg ha Ϫ1 , respectively. Thus, there were also no differences among accessions at these locations in the estimation of N 2 fixed by the total N difference method, which averaged 7 kg ha Ϫ1 at Rosemount and 50 kg ha Ϫ1 at Lamberton (Fig. 2 ). There was a location ϫ 15 N method interaction for %Ndfa (P Ͻ 0.05) (Fig. 3) . Averaged across accessions, the %Ndfa for the two natural abundance and enriched levels of 15 N, respec-the estimates for the two methods were similar at Lamberton (P Ͼ 0.05), but differed at Becker (P Ͻ 0.001) and Rosemount (P Ͻ 0.05), where estimates for the total N difference method were lower than for the 15 N enrichment method.
Because of the low levels of N 2 fixation in the seeding year, Illinois bundleflower may benefit from supplemental N fertilization to improve establishment (Hojjati et al., 1978) . Although Dovel et al. (1990) achieved good establishment of Illinois bundleflower in kleingrass without supplemental N, bundleflower grew very slowly in the establishment year. In Minnesota, the northern edge of its range, Illinois bundleflower may be more difficult to establish because significant growth in the first year does not occur until July (DeHaan et al., 2003) . The use of supplemental N fertilizer sufficient to increase vigor and establishment, but not in amounts so that nodulation is suppressed (Streeter, 1988) , may be advantageous at low-fertility sites like Becker.
Second Year
Accessions had similar herbage yield, aboveground N yield, and N 2 fixed estimated by the total N difference or 15 N methods, or %Ndfa (P Ͼ 0.05) ( Table 5 ). The (2003), we observed the highest biomass yield at a location within the native range of abundance method probably should be considered less reliable than those given by the 15 N enrichment method the species and lower yield outside the native range at Becker and Rosemount. At Becker, the accessions in this study.
Estimates of N 2 fixed were similar for the 15 N natural averaged 4.6 Mg ha
Ϫ1
, whereas at Rosemount, the accessions averaged only 3.0 Mg ha
. Wild senna yields varabundance and total N difference methods at Becker and Rosemount (P Ͼ 0.05), but estimates for the methied from about 3.0 Mg ha Ϫ1 at both Becker and Rosemount to 3.7 Mg ha Ϫ1 at Lamberton. ods differed at Lamberton (P Ͻ 0.001), where estimates for the total N difference method were higher (Fig. 2) .
A legume control with known yield potential was not included in this research. We are limited, therefore, to The pattern was reversed when comparing the 15 N enrichment method with the total N difference method:
comparing data from Illinois bundleflower with pub- N natural abundance method at Lamberton (P Ͻ trial. In the same report, alfalfa yielded 12.0 Mg ha Ϫ1 0.001), but the methods were similar at Becker (P Ͼ at Lamberton, about 50% more than Illinois bundle-0.05). In contrast, the total N difference method gave flower in our experiment in 2002. Lower yield of Illinois lower estimates of N 2 fixation than the 15 N enrichment bundleflower compared with these cool-season legumes method at Becker (P Ͻ 0.001), but higher at Lamberton is likely due to its shorter growing season, the undomes-(P Ͻ 0.001), with no difference at Rosemount (P Ͼ ticated status of the accessions used, or to less-than-0.05). Except for the results at Rosemount, these estioptimum N 2 fixation. Aboveground N yield of Illinois mates of N 2 fixation by Illinois bundleflower compare bundleflower was lowest at Rosemount, where the acfavorably to those of birdsfoot trefoil in the north-cencessions averaged only 48 kg ha Ϫ1 , which was less than tral USA, which generally have ranged from 50 to 205 first-year N yield at that site. Nitrogen yields at Becker kg N ha Ϫ1 , with a median of 90 to 100 kg N ha Ϫ1 annually and Lamberton were about 100 and 400% greater, re- (Seguin et al., 2000) . Under irrigated, high-yield condispectively, than at Rosemount. ). These results are quite surprising, given Plants at the low-N Becker site were most dependent on the high levels of soil organic matter at Rosemount fixed N 2 , with %Ndfa ranging from 63 to 83% averaged (Table 1) . Sulfur and Mo fertilization research may help across accessions. At Rosemount, %Ndfa of PNL534 clarify whether these nutrients limit Illinois bundleand PNL541 was zero according to the 15 N natural abunflower growth. dance method, whereas the 15 N enrichment method estiThe inoculant rhizobial strains accounting for almost mated %Ndfa of 28 and 17% for these accessions, reall nodules at Rosemount and Becker may have been spectively. At Lamberton, %Ndfa across accessions was less than optimal in symbiotic efficiency considered. estimated at only 40% by the 15 N natural abundance Dinitrogen fixation was highest at Lamberton, the only method, but 67 to 79% by the 15 N enrichment and total site within the native range of Illinois bundleflower. N difference methods, respectively. In contrast to our Over one-half of the nodules sampled were occupied by results, Brandon et al. (1998) , using the 15 N natural abunnoninoculant indigenous strains at this site. The relative dance method, measured %Ndfa in inoculated secondeffectiveness of the inoculant and indigenous strains has year stands of the related species Desmanthus virgatus not been characterized and is a promising direction for (L.) Willd. of 78, 48, and 26%, in an infertile sandy soil, further investigations into the N 2 -fixation capabilities a moderately fertile black earth, and a highly fertile of Illinois bundleflower. clay soil, respectively. This response corresponds more Another factor that deserves investigation is the role closely to what is generally expected; that is, that legume of mycorrhizal fungi in enhancing uptake of nutrients reliance on symbiotic N 2 fixation declines with increasand N 2 fixation in Illinois bundleflower. After conducting N supply (Allos and Bartholomew, 1959) . We coning these studies, we learned that Illinois bundleflower clude that factors other than soil N supply were imporis a host of Gigaspora spp. mycorrhizae (C. Picone, tant in our experiment. 2002, personal communication 
